ABSTRACT. Remodeling of collagen fibrils is involved in a variety of physiological and pathological processes including development, tissue repair, and metastasis. Fibroblast-populated collagen gel contraction has been employed as a model system to investigate the collagen fibril remodeling within three-dimensional collagen matrices. Research on collagen gel contraction is also important for understanding the mechanism underlying connective tissue repair, and for design considerations for engineered tissues in regenerative medicine. Second harmonic generation (SHG) is a non-linier optical effect by which well-ordered protein assemblies, including collagen fibrils, can be visualized without any labeling, and used for a noninvasive imaging of collagen fibrils in the skin. Here we demonstrate that the remodeling of collagen fibrils in the fibroblast-populated collagen gel can be analyzed by SHG imaging with a multiphoton microscope. Two models of collagen gel contraction (freely versus restrained contraction) were prepared, and orientation of fibroblasts, density, diameter, and distribution of collagen fibrils were examined by multiphoton fluorescent and SHG microscopy. Three-dimensional construction images revealed vertical and horizontal orientation of fibroblasts in freely and restrained gel contraction, respectively. Quantitative analysis indicated that collagen fibrils were accumulated within the gel and assembled into the thicker bundles in freely but not restrained collagen gel contraction. We also found that actomyosin contractility was involved in collagen fibril remodeling. This study elucidates how collagen fibrils are remodeled by fibroblasts in collagen gel contraction, and also proves that SHG microscopy can be used for the investigation of the fibroblast-populated collagen gel.
Introduction
Collagen provides tensile strength and rigidity to connective tissues of many organs including the skin, bones, joints, muscles, and blood vessels. These mechanical properties result from the microstructure, network organization, and orientation of collagen fibrils that are the assembly of the triple-strand helical structure of fibrillar collagen molecules (Prockop and Kivirikko, 1995) . Indeed, it has been found that the diameter of collagen fibrils in various tissues are correlated with the tensile strength of the tissue (Parry et al., 1978) .The mechanical properties of tissues also influence lineage specification of multipotent stem cells (Engler et al., 2006; Mammoto and Ingber, 2009) , and tumor cell migra-*Fujio Toki and Naoki Honkura: These authors contributed equally to this work. **To whom correspondence should be addressed: Daisuke Nanba, Senior Research Fellow Center, Ehime University, Shitsukawa, Toon, Ehime 791-0295, Japan.
Tel: +81-89-960-5254, Fax: +81-89-960-5256 E-mail: nanba.daisuke.mk@ehime-u.ac.jp tion (Ghajar et al., 2007; Zaman et al., 2006) . Hence, the synthesis, degradation, and remodeling of collagen fibrils by connective tissue cells, including fibroblasts, osteocytes, and chondrocytes, are involved in a variety of physiological and pathological processes, and are also implicated in developmental biology, stem cell biology, and cancer biology. Fibroblasts show the ability to contract reconstituted type I collagen gel in which they are populated (Bell et al., 1979; Grinnell and Lamke, 1984) . Although the synthesis and degradation of collagen molecules do not significantly contribute to the gel contraction (Guidry and Grinnell, 1987; Mauch et al., 1988) , this fibroblast-populated collagen gel has been employed as the model system to investigate the behaviors of fibroblasts within three-dimensional collagen matrices, and the remodeling of collagen fibrils by fibroblasts (Grinnell and Petroll, 2010) . Now, research on collagen gel contraction has become more important for understanding the mechanisms underlying wound closure and repair of connective tissues, and also for design considerations for engineered tissues in regenerative medicine (Brown and Phillips, 2007; Clark et al., 2007; Grinnell and Petroll, 2010; Lutolf and Hubbell, 2005) .
Transmission electron microscopy has revealed that the collagen fibrils are accumulated proximal to the cells in the fibroblast-populated gel (Grinnell and Lamke, 1984) . This observation has also been confirmed by reflected confocal microscopy of intact collagen fibrils (Kim et al., 2006) , and confocal microscopy of fluorescein isothiocyanate (FITC)-prelabeled type I collagen (Yamato et al., 1995) . However, a recent study has clearly demonstrated that the signal intensity seen by reflected confocal microscopy imaging depends on the vertical orientation of the fibrils in the gel, and that reflected confocal microscopy imaging is not suitable for yielding more complete structural information of threedimensional collagen fibrils (Jawerth et al., 2010) . In addition, the confocal images of the gel reconstructed by FITCprelabeled type I collagen cannot exclude the signals from disassembled collagen molecules. Therefore, the quantitative assessment of the collagen fibril remodeling with other imaging modalities is required to understand the precise mechanism underlying the contraction of the fibroblast-populated collagen gel.
Second harmonic generation (SHG) is a second-order nonliner optical effect that is observed in an intense laser field. There, photons interact with noncentrosymmetric materials and are effectively combined to form new photons with twice the energy. This process results in the production of a coherent wave at exactly twice the incident frequency (Campagnola et al., 1999) . SHG enables a nondestructive imaging of well-ordered and noncentrosymmetric protein assemblies, such as collagens, microtubules, and muscle myosins (Campagnola and Loew, 2003) . Collagen fibrils, higher-order polymers of fibrillar collagen molecules, produce a high SHG signal (Roth and Freund, 1979) , and can be visualized in the dermis of the skin with SHG microscopy (Campagnola et al., 2002; Zipfel et al., 2003) . Then, SHG has been utilized to investigate the organization of collagen fibrils in human skin from healthy volunteers (Stoller et al., 2002; Sun et al., 2006; Yasui et al., 2004) , and patients with scar tissues, psoriasis, and skin tumors (Brown et al., 2003; Chen et al., 2011; Cicchi et al., 2008; Konig and Riemann, 2003; Lin et al., 2006) , as a noninvasive imaging modality.
Here, we visualize collagen fibrils in the human dermal fibroblast-populated collagen gel by SHG imaging and investigate how collagen fibrils are remodeled during collagen gel contraction.
Materials and Methods

Human dermal fibroblast culture
Human dermal fibroblasts were isolated from normal skin tissues, and maintained at 37°C and 10% CO2 in Dulbecco-Vogt modification of Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (FBS) (SAFC Biosciences, Lenexa, KS). The medium was changed every 4 days. Fibroblasts were used between passages 6 and 9.
Inhibitors and reagents
Y-27632 and cytochalasin D were purchased from Wako (Osaka, Japan), and (-)-blebbistatin from Sigma-Aldrich (St. Louis, MO). Rhodamine-phalloidin was obtained from Invitrogen.
Preparation of fibroblast-populated collagen gels
Collagen gel solution was prepared on ice by mixing Cellmatrix type I-A (acid-soluble fraction of type I collagen from bovine tendon; Nitta Gelatine, Yao, Japan): Reconstitution buffer (Nitta Gelatine): 5×DMEM (Sigma-Aldrich) in a ratio of 7:1:2. Fibroblasts cultured until subconfluent were trypsinized, and suspended with culture medium. Cells were counted and centrifuged to prepare a suspension at a concentration of 10 6 cells/ml in DMEM. Four volumes of the collagen gel solution were added to 1 volume of the cell suspension. The final concentrations of collagen and cells were 1.68 mg/ml and 2×10 5 cells/ml, respectively. The final mixture (500 µl/well) was added to each well of 24-well tissue culture plates (#3820-024 with normal adhesion surface and EZBindShut II #4820-800LP with low adhesion surface; IWAKI, Shizuoka, Japan). After 1 hour of incubation at 37°C and 10% CO2, 1ml per well of culture medium containing FBS was added with and without pharmacological inhibitors. The final concentrations of Y-27632, (-)-blebbistatin, and cytochalasin D were 10 µM, 10 µM, and 100 nM, respectively. After 2 days of incubation at 37°C and 10% CO2, the collagen gel was fixed with 3.7% buffered formaldehyde phosphate-buffered saline (PBS), and observed with a multiphoton microscope.
Rhodamine-phalloidin staining
The collagen gel was fixed with 3.7% buffered formaldehyde in PBS at 4°C for 1 hour, treated with 0.1% Triton-X-100 in PBS for 10 min, and subsequently washed with PBS. The gel was then incubated with 4 units/ml rhodamine-phallodin for 30 min, and washed with PBS overnight. The stained gel was observed with a multiphoton microscope.
Multiphoton microscopy
Multiphoton imaging was performed with a galvano scanner (A1R MP; NIKON, Tokyo, Japan) giving 512×512 pixel frames at 0.5 Hz by using a NIKON 25× NA 1.1 water immersion objective lens. A mode-locked infrared laser line at 950 nm was used, originating from a dispersion-corrected high power Ti-Saphire laser (Mai Tai HP DeepSee; Spectra-Physics, Tokyo, Japan) together with optical filters 483/32 for SHG (Semrock, Rochester, NY), 594LP for tetramethylrhodamine (TMR) emission (Semrock), 511LP for SHG/TMR detection splitting.
SHG imaging
The SHG signal at 475 nm was detected by a GaAsP photomultiplier tube, using a narrow-band pass filter (483/32, Semrock). The wavelength of the pumping laser was chosen to be 950 nm to minimize autofluorescence signals and suitable for TMR excitation. We set a dielectric-coated concave mirror (CM508-050-E02; Thorlabs, Newton, NJ) on the Z-axis slide stage (TSD-603; Sigma Koki, Tokyo, Japan), and searched the adjust position of concave mirror to detect SHG signals.
Image analysis
Obtained images were analyzed with Fiji (Schindelin et al., 2012) . A sequence of Z-stack images was reconstituted with NIS-Elements (NIKON). The relative intensity of SHG signals was calculated by the sum of SHG signal intensity of all pixels from a single microscopic image. The experimental values were obtained from a number of images in each experiment (See Figure legends) . The diameter of individual SHG signals was defined as the length of the minor axis of well-isolated each SHG signal. The experimental values were obtained from 20 SHG signals from each condition.
Statistical analysis
The values are expressed as means±s.d.. p value was calculated by two-tailed Student's t-test. Values with p<0.05 were considered statistically significant.
Results
Differences in the orientation of fibroblasts in floating and anchored collagen gel contraction
We developed two models of human dermal fibroblastpopulated collagen gel contraction. The first model was a floating collagen gel contraction; the fibroblast-populated collagen gel was prepared in a microwell with low adhesion surface (Fig. 1A) . In this model, gel contraction occurs when cell-containing gels are released from the culture surface soon after collagen polymerization (Grinnell, 2000) . The other model was an anchored collagen gel contraction; the fibroblast-containing collagen gel was made in a microwell with normal adhesion surface (Fig. 1A) . In the second model, restrained gel contraction occurs because the collagen gel remains attached to the plastic culture surface and cell-matrix tension are generated (Grinnell, 2000) . All gels were incubated for 48 hours after prepartion. In the floating contraction model, the gel markedly decreased its diameter, however, contraction was completely inhibited in the restrained contraction model (Fig. 1B) . The collagen gel without fibroblasts did not show any contractile activity, even if it was prepared in a microwell with low adhesion surface (Fig. 1B) .
We first investigated whether the two distinct modes of collagen gel contraction change the organization of fibroblasts in the gels. The fibroblast-populated gels incubated for 48 hours were fixed and stained with rhodamine-phalloidin, and then cells were visualized by multiphoton fluorescent microscopy. The construction of three-dimensional images revealed vertical orientation of fibroblasts in floating collagen gels (Fig. 1C) . On the contrary, cells in adherent collagen gels were predominantly distributed along the horizontal axis, with the highest tension between fibroblasts and collagen lattice (Fig. 1D) . These results indicated that human dermal fibroblasts changed their orientation in the gels by sensing cell-matrix tension.
Experimental setting for SHG imaging of the fibroblastpopulated collagen gel
The collagen gel, held by an agarose gel, was mounted on the stage of an upright multiphoton microscope. In our experimental setting, the signals from specimens were detected through the objective lens ( Fig. 2A and B) . However, the phase-coherent SHG light has a forward propagating nature, and a transmission mode of detection is required to obtain a significant amount of SHG signals. Although the backscattering SHG light could be detected in our setting, the intensity of SHG signals of collagens in the gel was very low even if the laser power was absolutely high (Fig. 2C) . To obtain better SHG images, we set a concave mirror under the collagen gel held by an agarose gel to reflect the transmitted SHG light into the objective lens ( Fig. 2A and B ). The gathering of transmitted and backscattering SHG light by using the mirror significantly enhanced SHG signals, which achieved the better SHG imaging of the collagen fibrils in the gel (Fig. 2C) .
Remodeling of collagen fibrils in the freely and restrained collagen gel contraction
We next measured the intensity of SHG signals from col- lagen fibrils in floating and adherent collagen gels by SHG microscopy, which was optimized for collagen gels (Fig. 2) . Whereas a large amount of SHG signals were detected in the floating gel contraction model, the signals were very faint in the anchored collagen gel contraction model (Fig.  3A) . Quantitative analysis clearly revealed a 4-fold increase in SHG lights from the floating gels against those from the anchored gels (Fig. 3B) . Furthermore, the anchored collagen gels showed a 2-fold increase in SHG signals against collagen gels not containing fibroblasts (Fig 3B) . We next measured the diameter of individual SHG signals in each condition. The signals from the floating and anchored gels had 1.62±0.335 µm (mean±s.d.) and 1.05±0.261 µm (mean ±s.d.) in diameter (Fig. 3C) . When fibroblasts were not populated in the collagen gels, SHG signals were 0.778± 0.124 µm (mean±s.d.) in diameter (Fig. 3C) . The quantitative analysis of SHG signals revealed that human dermal fibroblasts had the ability to assemble the collagen fibrils in the gels, and that this activity was enhanced in freely collagen gel contraction.
Distribution of collagen fibrils in the freely and restrained collagen gel contraction
It has been reported that the collagen fibrils are accumulated proximal to the cells in the fibroblast-populated gel as observed by transmission electron microscopy (Grinnell and Lamke, 1984) . However, it is difficult to obtain wide area images and quantitative data with this method. Therefore, we examined the distribution of collagen fibrils in freely and restrained collagen gel contraction models. The fibroblastpopulated gels were fixed and stained with rhodamine- phalloidin, and then cells and collagen fibrils were visualized by multiphoton fluorescent and SHG microscopy, respectively. In the floating collagen gels, SHG signals significantly accumulated around rhodamine-positive cells (Fig.  4A) . The quantitative analysis of rhodamine and SHG signals revealed that the collagen fibrils accumulated within approximately 20 µm proximal to the cells in the gels (Fig.  4A) . In contrast, the accumulation of collagen fibrils around fibroblasts was not observed in the anchored collagen gels (Fig. 4B) . These data clearly demonstrated that collagen fibrils were accumulated proximal to the cells by human dermal fibroblasts in the freely contracting collagen gel.
Actomyosin contractility is required for collagen fibril remodeling
Attenuation of actin polymerization with cytochalasin B has inhibits collagen gel contraction (Nogawa and Nakanishi, 1987) . Inhibition of ROCK activity has also results in the decreased contraction of the collagen gels (Kim et al., 2006) . ROCK regulates both actin polymerization and MLC phosphorylation, under Rho subfamily GTPases (Amano et al., 2010; Maekawa et al., 1999) . Finally, we examined whether actomyosin contractility is involved in the remodeling of collagen fibrils. ROCK inhibitor Y-27632, myosin ATPase inhibitor (-)-blebbistatin (Blebb), and actin polymerization inhibitor cytochalasin D (CytoD) reduced the contractile activity of collagen gels by fibroblasts in the floating gel (Fig. 5A) . Inhibition of actomyosin contractility and actin polymerization modestly changed the angle of cells against the horizontal plane in both collagen gel contraction models (Fig. 5B) . However, SHG intensity and the diameter of SHG signals were significantly decreased by treatment with Y-27632, Blebb, and CytoD in the floating, but not in the anchored, collagen gels ( Fig. 5C and D) . These results indicated that the assembly of collagen fibrils in freely collagen gel contraction required actomyosin contractility. 
Discussion
Fibroblast-populated collagen gel contraction has been studied for more than three decades; however, the mechanism behind this process is still unclear. This is at least in part due to difficulty in visualization of collagen fibrils in threedimensional collagen matrices. In this study, we demonstrated that SHG imaging visualized the collagen fibril network without any labeling in the gel and that the quantitative image analysis dissected remodeling of collagen fibrils in the fibroblast-populated collagen gel. This work has three major findings concerning collagen gel contraction. First, fibroblasts show vertical orientation in freely gel contraction, but are distributed along the horizontal axis in response to extracellular tension in restrained contraction. Second, collagen gel contraction involves both the accumulation of collagen fibrils proximal to the cells, and the assembly of collagen fibrils into the thicker bundles. Third, actomyosin contractility is required for the accumulation and assembly of collagen fibrils.
Concerning the mechanism of collagen gel contraction, Yamato and colleagues (Yamato et al., 1995) have hypothesized that fibroblasts extend cellular protrusions and attach collagen fibrils to them by making the collagen-integrincytoskeleton complexes, and that subsequent withdrawal of the protrusions results in the accumulation of collagen fibrils in the vicinity of the plasma membrane. These processes could explain collagen gel contraction by fibroblasts. In fact, attachment of collagen fibrils to cellular protrusions containing microfilaments has been observed by transmission electron microscopy (Grinnell and Lamke, 1984) . Our results reinforce this hypothesis. We demonstrated quantitatively that collagen fibrils accumulated around the fibroblasts, and assembled into the thicker bundles in freely gel contraction, which required actomyosin contractility. In anchored collagen gels, fibroblasts might not be able to draw collagen fibrils against the external tensions. We also found changes in the orientation of fibroblasts in floating and anchored collagen gels. Although the involvement of cell orientation in gel contraction was not clear, the longitudinal axis of fibroblasts was perpendicular in relation to the direction of contraction in both floating and anchored collagen gels. This means that the large surface area of the cells is available for forming cellular protrusions to accumulate collagen fibrils in the vicinity of the plasma membrane.
To validate the hypothesis described above, and comprehend the precise mechanism underlying the contraction of the fibroblast-populated collagen gel, live-imaging of fibroblasts and associated collagen fibrils in the gel is definitely crucial. The combination of multiphoton fluorescent and SHG microscopy is widely used for nondestructive imaging of living tissues (Campagnola et al., 2002; Cicchi et al., 2008; Zipfel et al., 2003) . In the present study, however, the high laser power was required to detect SHG signals from collagen gels, which caused the local heating effects and damaged the fibroblasts in the gel. Systems comprising laser irradiation and SHG detection should be improved to achieve SHG live-imaging of the fibroblast-populated collagen gel. This study showed that remodeling of collagen fibrils required actomyosin contractility of fibroblasts. We have previously demonstrated that actin filaments were remodeled during conversion from a human epidermal keratinocyte stem cell to its progeny with restricted growth potential, and that actin filament dynamics and actomyosin contractility were involved in maintenance of keratinocyte stem cells in vitro (Nanba et al., 2013) . Importantly, the difference in collagen gel contractile activity is correlated with replicative aging of fibroblasts (Bell et al., 1979) . Recent studies have revealed the existence of mutipotent stem/progenitor cells in the skin dermis (Kuroda et al., 2010; Toma et al., 2001; Wong et al., 2006) . Collagen gel contractile activity, an indicator of actomyosin contractility of cells, might be associated with proliferative capacity and multipotency of dermal fibroblasts. Understanding and controlling of collagen contractile ability also improve the transplantation of engineered tissue equivalents, since contractile activity of such equivalents is a recurring problem in skin-graft transplantation (MacNeil, 2007) . Furthermore, mechanical loading to cutaneous wounds reduces scar formation (Gurtner et al., 2011; Wong et al., 2012) . Hence, research on fibroblast-populated collagen gel contraction is definitely implicated in regenerative medicine of the skin and other organs.
In conclusion, our data demonstrated here that SHG microscopy achieved the visualization of the remodeling of collagen fibrils without any labeling in the gel, and revealed the remodeling of collagen fibrils in collagen gel contraction. These points are significant for advances in the investigation of collagen gel contraction.
